A compact reflection-type phaser composed of quarter-wavelength transmission line resonators interconnected by alternating K-and J-inverters is proposed. A design method is also presented. To validate this method, a fourth-order example is designed and fabricated. The proposed phaser is shown to exhibit the benefits of smaller size, easier fabrication and suppressed even-order harmonics compared with previously reported half-wavelength phasers.
with that in [9] , this phaser exhibits the following benefits: 1) smaller size, due to the replacement of half-wavelength resonators by quarter-wavelength resonators, 2) easier fabrication due to smaller required coupled-line section couplings, 3) suppressed even-order harmonics, that are commonly observed in quarter-wavelength filters [10] and that limit R-ASP bandwidth [7] . Moreover, a complete design technique is proposed for this phaser. Fig. 1(a) shows the network configuration of the proposed phaser, which is composed of quarter-wavelength transmission lines interconnected by alternating K-and J-inverters. For simplicity, the order is assumed even, the odd case being derived in a similar fashion. The design methodology consists in transforming the network of Fig. 1 (a) through the equivalent network of Fig. 1 Fig. 1(c) , which has the same form as that in [9] and may therefore use the synthesis technique of [9] . Here, we use microstrip technology as the implementation of Fig. 1(a) . The design method can be also extended to other technologies.
II. DESIGN METHODOLOGY
(b) into
A. Circuit Transformation
Each quarter-wavelength transmission line in Fig. 1(a) can be modeled by a reactance or a susceptance cascaded with a -inverter [11] , leading to the equivalent network shown in Fig.  1(b) . The ABCD matrix of the inverter is (1) 1531-1309 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. where is the characteristic impedance of the transmission line, while the reactance and susceptance are [10] , [11] (2a)
, and is the characteristics admittance of the line.
The network of Fig 
The network in Fig. 1 (c) exhibits the same form as that in [9] , except that the reactances, given by (2), are different. Fig. 3 compares these reactances. Note that the reactance slope of the quarter-wavelength transmission line is about half that of the half-wavelength transmission line. This will lead to reduced coupling coefficients, since the coupling coefficients are proportional to the reactance slope [12] , which significantly reduces design limitations associated with fabrication constraints.
The aforementioned reactance slope difference also leads to a modified mapping function between the lowpass frequency and the bandpass frequency within the specified range , namely (4) in applying the synthesis technique of [9] . Once the synthesis technique has been applied, the K-inverter values in Fig. 1(c) are obtained. Then the K-and J-inverter values in Fig. 1(a) are computed using (3). 
B. Inverter Implementation
A K-inverter and a J-inverter may be implemented in microstrip technology by a metalized via hole and an open coupled-line section, respectively [13] , as shown in Fig. 4 . For the K-interters, the circuit parameters are related to the reflection coefficient of the electromagnetic structure by [11] (5a) (5b) under the condition that , corresponding to the coupling level of the physical structure, be less than one. Similarly, the relations for the J-inverters read (6a) (6b) To apply the above equations, one first obtains the required K-and J-inverter values, then uses (5a) and (6a) to calculate the required , and finally performs a full-wave analysis to align the magnitude response with . Once this has been done, one calculates and using the phase response of the physical structure using (5b) and (6b). One should note that the K-and J-inverters in the circuit model are assumed to be non-dispersive and lossless whereas physical structures are dispersive and lossy. This approximation results in slight distortion in the response of the physical implementation. This distortion can be corrected using the iteration method given in [9] . A flowchart of the whole design procedure is presented in Fig. 5 .
III. EXAMPLE
To validate the proposed method, a design example is provided. The specified group delay is linear with 9 ns swing within the frequency band 2.4-2.6 GHz. Three iterations were necessary for convergence. In addition, a half-wavelength phaser with the same specifications is also designed for comparison. The two results are shown in Fig. 6 . Note that both exhibit the same response in the specified frequency band (and its odd multiple), but differ around the second (and naturally other even) harmonic bands. So, the quarter-wavelength phaser conveniently suppresses the even-order harmonics while the half-wavelength phaser does not. Table I shows the normalized inverter values (coupling coefficients) of the two phasers. Note that quarter-wavelength phaser's values are about half those of the half-wavelength phaser. Therefore, the quarter-wavelength phaser would have larger realizable bandwidth than the   TABLE II  COMPARISON TO THE STATE-OF-ART half-wavelength phaser, since the realizable coupling coefficients, proportional to the bandwidth, cannot exceed one.
A 4th-order microstrip prototype, shown in Fig. 7 , has been fabricated, on a 0.762 mm-thick Rogers RO4350 substrate ( , ). The smaller size of quarter-wavelength phaser is clearly apparent. Fig. 8 shows the simulation and measurement results. The measured group delay follows the simulated and specified ones, while the magnitude shows a deviation due to fabrication tolerance.
A qualitative size comparison of the proposed phaser with state-of-art phasers is in Table II . Note that the proposed phaser exhibits the most compact size for a given group delay swing.
IV. CONCLUSION
A compact reflection-type phaser using quarter-wavelength transmission line resonators has been proposed. The design method was presented and validated by an illustrative example.
